Abstract-The signal injection efficiency of electroabsorption modulator integrated lasers (EMLs) is improved to suit 10-Gb/s applications. For a typical EML module design with a conventionally designed 50-Ω signal feeder to meet the input return loss requirement for 10-Gb/s applications, a reduction in device capacitance of the electroabsorption modulator (EAM) section by 65% from its typical value is necessary. By optimizing the characteristic impedance of the signal feeder, the required 65% reduction in device capacitance of the EAM section is reduced to 45%, which would naturally lead to enhanced extinction ratio and optical output power. With the addition of a series 5-Ω thin-film resistor along the signal feeder, the device capacitance reduction of the EAM section is further reduced to approximately 33% of the typical value.
I. INTRODUCTION

I
N OPTICAL fiber communications, the optical signal disperses and becomes distorted as it travels along the optical fiber. This dispersion in the optical fiber limits the transmission distance. Therefore, a compact and cost-effective light source with a low wavelength chirp characteristics is highly desirable in long-haul optical fiber communications systems. For these reasons, the electroabsorption modulator integrated lasers (EMLs) have attracted attentions [1] - [5] . This type of laser consists of a distributed-feedback (DFB) laser with an integrated electroabsorption modulator (EAM). The DFB laser operates in a continuous-wave (CW) mode emitting constant optical power into the EAM. The amount of light absorbed by the EAM depends on the applied modulation signal, hence modulating the optical signal at the output of the modulator. Compared to the conventional DFB lasers, the EMLs have a linewidth enhancement factor (α-parameter) of less than 1 [2] , whereas the former has a value ranging from approximately 3 to 4 [6] . Therefore, the EMLs are capable of longer transmission distance due to their low wavelength chirp characteristics. Besides, the EMLs have a higher extinction ratio and modulation capability compared to directly modulated lasers. One common problem with laser diodes (LDs) is signal reflection between the LDs and microwave signal sources. Signal reflection is detrimental as it degrades signal injection efficiency and causes signal distortion. To quantify input signal reflection, an input signal reflection coefficient is used, and it has the following definition [7] :
where Z is the impedance of the device or the input impedance of the electrical network connected to the microwave system, and Zo is the characteristic impedance of the microwave system. Typically, LDs have an impedance of a few ohms, whereas microwave systems have a characteristic impedance of 50 Ω. Therefore, input signal reflection is obviously a severe problem in optical fiber communications due to this large impedance mismatch. The usual practice to overcome this problem is to add a resistor in series with the semiconductor laser in order to increase the input impedance to around 50 Ω. However, to use this conventional method to reduce the input return loss of EMLs does not solve the entire problem. Although the input return loss is reduced in this way, the modulation capability of the EMLs is greatly degraded due to the required large value of the series resistor in order to meet the acceptable input return loss. Also, the operating voltage required to achieve the same extinction ratio is much higher than in the case where the series resistor is not used.
At high frequencies, maximum power transfer cannot be achieved unless the impedance of the load is a complex conjugate of the source impedance. Hence, stubs-reactive impedance-matching networks-are widely used in microwave communications to reduce input return loss and maximize power transfer [7] . However, stubs may not be applicable to 10-Gb/s EML modules due to their narrowband nature. Even if the input return loss requirement for 10-Gb/s EML modules can be achieved using cascaded stubs, it would be too complicated to be feasible. To incorporate the reactive impedance-matching effect to reduce the input return loss of 10-Gb/s EML with no complications, a simple approach will be proposed and illustrated in this paper. It will be shown that the incorporation of resistive and reactive impedance matching greatly enhances the signal injection efficiency of a 10-Gb/s EML module to an acceptable level. 
II. RESULTS
The EML consists of a DFB LD section that operates in the CW mode and an EAM section that either operates under zero bias or reverse bias. As shown in Fig. 1(a) , the structure of the EAM section is made up of a layer of metal, silicon nitride, ptype indium phosphide, multiple-quantum-well (MQW) active region, intrinsic indium phosphide, n-type indium phosphide, iron-doped indium phosphide, and n-type indium phosphide. The MQW active region is made of alternating layers of indium gallium aluminum arsenide phosphide having a different composition for the wells and barriers. Based on this structure, the equivalent electrical circuit for the EAM is derived [ Fig. 1(b) ]. In Fig. 1(b) , R1 and R2 represent the device resistance and differential resistance, whereas C1 represents the capacitance of the MQW active region, C2 and C4 represent the capacitance of the intrinsic indium phosphide layers, and C3 and C5 represent the iron-doped indium phosphide layers. As the DFB is operated in the CW mode, it can be represented by a p-i-n diode [NLPIN1 as in Fig. 1(b) ] connected to the EAM section via a resistor to represent the resistance of the isolation trench [R3 as in Fig. 1(b) ]. The equivalent electrical circuit of an EML module based on the standard GPO 7-pin butterfly package is shown in Fig. 2(a) , where CPW1 and CPW2 represent the coplanar waveguide on the package, where the RF connector is soldered and the signal feeder on the LD carrier/submount, respectively, L1 and L2 represent the inductance of the bondingwire connecting the signal line and ground plane on CPW1 to the signal line and ground plane on CPW2, repectively, L3 represents the inductance of the bonding-wire connecting the signal line on CPW2 to the EAM, R4 is a thin-film resistor that regulates the input impedance close to the signal source impedance, and C7 is the equivalent capacitance of C1, C2, C3, C4, and C5.
For a typical 10-Gb/s EML module, the EAM has a device resistance of 5 Ω, a device capacitance of approximately 0.6 pF, a differential resistance of 300 to 500 Ω, a nominal value of 0.3 nH (± 0.1 nH) for L1 and L2, 0.4 nH (± 0.1 nH) for L3, and 50-Ω transmission lines (CPW1 and CPW2). As such, the 10-Gb/s EML module has the input return loss response and modulation response shown in Fig. 2(b) and (c), respectively. As can be observed, the input return loss is greater than −10 dB for frequencies above 3.4 GHz, and the modulation bandwidth is more than 12 GHz. Although the modulation bandwidth requirement (i.e., more than 10 GHz) has been met, the input return loss is out of specification (i.e., the input return loss should be less than −10 dB for a frequency of up to more than 10 GHz). An inspection of the real part [ Fig. 3(a) ] and imaginary part [ Fig. 3(b) ] of the input impedance response reveals that the input impedance is inductive for frequencies below 7.4 GHz. The exponential increase in inductance with frequency causes a rapid and large increase to the real part of the input impedance that peaks at 7.4 GHz before decreasing rapidly when the imaginary part of the input impedance becomes capacitive. To reduce the impedance mismatch to reduce input reflection, a natural and direct approach would be to reduce the device capacitance of the EAM section. Using this approach, it was found that the input return loss specification for 10-Gb/s applications can be met [ Fig. 4(a) ] comfortably by reducing the device capacitance of the EAM section to 0.21 pF (a reduction of 65% from the typical value). It can be noted from Fig. 4(b) and (c) that the impedance matching has been significantly improved as the real part and imaginary part of the input impedance have been controlled to within 40 to 93 Ω and j26 to −j29 Ω, respectively, as opposed to 7.9 to 260 Ω and j106 to −j135 Ω for frequencies below 11.2 GHz, respectively. The modulation bandwidth was noted to widen significantly to 19.6 GHz [ Fig. 4(d) ]. However, the reduction in the device capacitance of the EAM section requires the reduction in length and width as well as an increase in thickness of the MQW active region, and this requires compromises to be made on chirp, extinction ratio, and optical output power performance, hence, limiting the modulation speed and transmission distance. To lessen the impact of device capacitance reduction on the optical performance of the EAM, it is proposed here to optimize the design of the signal feeder on the LD carrier/submount to incorporate reactive impedance matching.
As observed in Fig. 3 , the cause of input return loss rising above −10 dB at 3.5 GHz is due to excessive inductance of the input impedance. Hence, it is proposed here to design the signal feeder on the LD carrier/submount to have a higher capacitive effect to counteract the excessive inductance of the input impedance over the appropriate frequency range. Following through rounds of optimization using the well-established commercial high-frequency computer-aideddesign (CAD) package from Agilent Technologies-Advanced Design System, it was found that the highest possible device capacitance of the EAM section must not be more than 0.33 pF (a reduction of 45% from the typical value) and the optimum characteristic impedance of the signal feeder is 37 Ω in order to meet the input return loss specification for 10-Gb/s applications. As shown in Fig. 5(a) , the input return loss would rise above −10 dB for frequencies above 5.3 GHz if the signal feeder has a characteristic impedance of 50 Ω. However, with the signal feeder designed to have a characteristic impedance of 37 Ω, the input return loss stays below −10 dB for frequencies below 10.8 GHz. It was noted that the latter case has a signal injection efficiency ranging from approximately 68% to 79% compared to approximately 50% to 69%, as in the former case for a range of frequencies from 5.2 to 10.7 GHz. The minimum and maximum improvement in signal injection efficiency was noted to be approximately 3% at 5.2 GHz and 27% at 9.6 GHz, respectively. In comparison to the case where the device capacitance of the EAM section is reduced to 0.21 pF, this case has a narrower range of frequencies over which the input return loss is below −10 dB. In the former case, the range of frequencies over which the input return loss stays below −10 dB spans from dc up to 12.5 GHz. Also, due to the higher device capacitance of the EAM section compared to the former case, this case has a modulation bandwidth of 15 GHz [ Fig. 5(b) ] compared to nearly 20 GHz, as in the former case. Nevertheless, the latter case that uses the proposed approach allows the input return loss specification to be met by reducing the device capacitance of the EAM section by 45% of the typical value compared to 65% in the former case. This would lead to better optical performance (e.g., extinction ratio, optical output power, chirp, dispersionlimited modulation speed, and transmission distance) in the latter case.
By analyzing the input impedance responses [ Fig. 5 (c) and (d)], it can be noted that the input impedance has a smaller variation from the 50-Ω mark, a lower inductance for frequencies ranging from 2 to 7.5 GHz, a more gradual decrease in reactance from 7.5 to 9.7 GHz, and a lower capacitance. The above are the result of increased capacitive effect of the signal feeder [i.e., CPW2 as in Fig. 2(a) ] that shifts the resonance of the capacitance of CPW2 and the parasitic inductance to a lower frequency (hence lower inductance for frequencies below 7.5 GHz) and away from that of C7 and the parasitic inductance (hence more gradual decrease in reactance and lower capacitance due to reduced combined effect of the capacitance of CPW2 and C7). In the above illustration, the reactive impedance-matching technique was achieved by reducing the gap between the signal line and the coplanar ground planes to increase the capacitive effect of the signal feeder on the LD carrier/submount [i.e., CPW2 as in Fig. 2(a) ]. For the microstrip transmission line, this can be achieved by reducing the thickness of the substrate.
Although the input return loss specification for 10-Gb/s application has been met in the above case (i.e., Fig. 5 ), the input return loss for frequencies below 3 GHz is still somehow high. To improve the input return loss for this range of frequencies, it is suggested to add a thin-film resistor with a resistance of 5 Ω along the signal line of CPW2 and in series with the EAM. By doing so, it was found that the device capacitance of the EAM section can be increased to 0.4 pF (a reduction of approximately 33% from the typical value) while meeting the input return loss specification and having better input return loss for frequencies below 3 GHz [ Fig. 6(a) ]. The optimum characteristic impedance of CPW2 in this case was found to be the same as in the previous case (i.e., 37 Ω). In comparison to the previous case (i.e., Fig. 5 ), the real part of the input impedance of this case is closer to the 50-Ω mark for frequencies below 2.9 GHz [ Fig. 6(b) ], which results in a lower input return loss for this range of frequencies. Due to the increased device capacitance of the EAM section that causes the resonance of C7 and the parasitic inductance to shift to a lower frequency, the input impedance is capacitive for the frequencies below 2.9 GHz [ Fig. 6(c)] . Also, the modulation bandwidth was noted to decrease from 15 to 13.8 GHz [ Fig. 6(d)] .
To study the effects of the inductance of the bonding wires (i.e., L1, L2, and L3) on the input return loss, two different cases were investigated. The first case was to keep L1 and L2 at their nominal value (i.e., 0.3 nH) and vary the value of L3. The input return loss and modulation responses for the case where L3 has an inductance of 0.3 and 0.5 nH are shown in Fig. 7(a) and (b), respectively. It can be noted that the value of L3 has negligible effect on the hump of the input return loss response that peaks at slightly more than 6 GHz and that the frequency span of which the input return loss stays below −10 dB is reduced with increase in the value of L3 [ Fig. 7(a) ]. The modulation response was noted to have a higher resonant peak and a narrower modulation bandwidth when the value of L3 increases [ Fig. 7(b) ]. In the second case, the value of L1 and L2 was varied while keeping L3 at its nominal value (i.e., 0.4 nH). Consequently, the input return loss was found to be rather sensitive to the value of L1 and L2 throughout the spectrum [ Fig. 8(a) ]. As the value of L1 and L2 decreases below their nominal value, the input return loss for frequencies below 10 GHz increases, and the hump of the input return loss response eventually rises above −10 dB. When the value of L1 and L2 increases above their nominal value, the peak of the hump decreases, and the frequency span over which the input return loss is below −10 dB is reduced. The modulation response is, however, less sensitive to the value of L1 and L2 for frequencies below the resonant frequency [ Fig. 8(b) ]. For lower values of L1 and L2, the modulation bandwidth widens. Conversely, the modulation bandwidth is reduced when the value of L1 and L2 increases. Therefore, the capability of the automatic wire bonder must be evaluated, and the appropriate bond wire must be used to achieve the designed nominal value of L1, L2, and L3 in order to have high yield.
An implementation of the last case is shown in Fig. 9 . As can be observed, there is no drastic change to the original design, except for the additional series thin-film resistor and a narrower gap between the signal line and the coplanar ground planes. Hence, this is indeed a straightforward and cost-effective approach to improve the signal injection efficiency of EML by reducing signal loss due to input reflection.
III. CONCLUSION
For a typical EML module using a 50-Ω signal feeder, the device capacitance of the EAM section must not be greater than 0.21 pF (a 65% reduction from the typical optimum value) in order to meet the input return loss specification for 10-Gb/s applications. However, a reduction in device capacitance of the EAM section leads to degradation of optical performance (i.e., extinction ratio, optical output power, chirp, dispersionlimited modulation speed, and transmission distance). To lessen the compromises on optical performance, this paper has proposed a simple and easy-to-implement method to incorporate reactive impedance matching on the LD carrier/ submount. The reactive impedance matching was achieved by optimizing the characteristic impedance of the signal feeder on the LD carrier/submount. Consequently, this approach yields an EML module design that meets the input return loss for 10-Gb/s applications with an EML of which the EAM section has a device capacitance of 0.33 pF (a 45% reduction from the typical optimum value). To improve the input return loss of the lower frequency regime, a series 5-Ω thin-film resistor was added along the signal line. As a result, the input return loss of the lower frequency regime was reduced substantially, and the device capacitance reduction of the EAM section was further reduced to approximately 33% of the typical optimum value. In comparison, the optimization of the signal feeder characteristic impedance leads to approximately 3%-27% improvement in signal injection efficiency of the EML module for a frequency range spanning from 5.2 to 10.7 GHz and helps to lessen the required device capacitance reduction for meeting the input return loss specification for 10-Gb/s applications. Improved high-frequency signal injection efficiency enables high-frequency components with lower power specifications to be used, hence reducing the capital and operation expenditures of the network provider. Also, improved high-frequency signal injection efficiency leads to better signal quality, hence lowering the bit-error rate and error vector magnitude, thereby improving transmission performance.
